Mismatch negativity (MMN), an index of experience-dependent memory traces, was used to investigate the processing of lexical contrasts in the human brain.The MMN was elicited either by rare words presented among repetitive words or pseudowords, or by pseudowords presented among words. Phonetic and phonological contrasts were identical in all conditions. MMNs elicited by both word deviants were larger than that elicited by the deviant pseudoword. The presence of lexical contrast did not signi¢cantly alter the word-elicited MMNs, which were, however, distinct in amplitude and topography from the MMN evoked by pseudowords. Thus, our results indicate the existence of word-related MMN enhancement largely independent of the lexical status of the standard stimulus. This enhancement may re£ect the presence of a longterm memory trace for a spoken word. NeuroReport 13:521^525
INTRODUCTION
Mismatch negativity (MMN), a unique indicator of automatic cerebral processing of acoustic stimuli, can be used to investigate neural processing of speech and language [1] [2] [3] [4] . MMN, with its major source of activity in the supratemporal auditory cortex, is a brain response elicited by rare (deviant) stimuli occasionally presented in a sequence of frequent (standard) stimuli [5, 6] . Importantly, MMN can be elicited in the absence of the subject's attention [7] . It is considered to reflect the brain's automatic reaction to any change in the auditory sensory input and, furthermore, to provide an index of experience-dependent memory traces in the human brain [1, 4, 8] . It has been lately suggested to reflect long-term memory traces for language sounds such as phonemes [1, 9, 10] and syllables [4, 11, 12] . Most importantly, we have recently found that mismatch negativity in response to individual words is greater than for comparable meaningless word-like (i.e., obeying phonological rules of the language) stimuli [3] . In that study, we presented subjects with word and pseudoword deviant stimuli among pseudoword standards (phonetic contrasts being identical) and found an increased MMN to word stimuli. This enhancement is best explained by the activation of cortical memory traces for words realised as distributed strongly connected populations of neurones [13, 14] .
The important question, not answered in the previous study, is whether the enhancement we observed can be explained merely by differences in the lexical status (word vs pseudoword) between the stimuli. The possible confound in the earlier study was that word and pseudoword deviants were always contrasted against pseudoword standards, so one can argue that it was this lexical status difference rather than individual words' memory traces as such which contributed to the larger MMNs to words. If this argument is correct then the prediction should be that larger MMNs could be produced by lexically non-uniform standard-deviant pairs regardless of the direction of the contrast, whereas deviant words presented among standard words would even elicit smaller MMN response (in other words, both word deviants among pseudoword standards and pseudoword deviants among word standards should produce larger MMN than a word deviant among word standards). On the contrary, if the original suggestion that this enhancement reflects cortical memory traces for words per se is true, then word deviants presented among either word or pseudoword standard stimuli would produce a larger MMN response compared with that to pseudoword deviant. Until this question is answered, it is not possible to draw definite and unambiguous conclusions about the cause of the enhanced MMN to word stimuli. We have therefore set out to clarify this issue using high density electroencephalography (EEG) and decided to test both competing predictions by recording MMN elicited either by deviant words presented among words or pseudowords, or by deviant pseudowords presented among words.
MATERIALS AND METHODS
Subjects: Ten healthy right-handed (handedness assessed according to [15] ) volunteers (no left-handed family members, native British English speakers, age 18-31 years, 7 females) with normal hearing and no record of neurological diseases were presented with three sets of spoken English language stimuli in three separate experimental conditions.
Three sets of monosyllabic stimuli ( Fig. 1) were prepared with the condition that the phonetic and phonological difference between the standard and the deviant stimuli is identical in each set and that the stimuli themselves are as similar acoustically as possible. In the first pair of stimuli, we used two words: [ for the standards. The latter also means that the acoustic/phonetic contrast between the standard and the deviant stimuli is the same in all three pairs and so is the phonological contrast (alveolar vs bilabial articulation of the final stop). In the meantime, the lexical status difference is varied: there is no lexical difference in the first set, in the second set the word deviants are presented among pseudowords, whilst the reversed design is used in the third condition. All stimuli had very similar acoustic structure, starting with a plosive consonant followed by diphthong [ai] and terminating with a stop-consonant. All words were high-frequency items (CELEX [16] ), and the pseudowords were checked for having no meanings in British English. To ensure that the stimuli are as close acoustically as possible and that the contrasts between the standard and the deviant stimuli are identical we recorded multiple repetitions of the deviant stimuli and additionally two more words [haip] (hype) and [hait] (height) produced by a female native speaker of English. With great care we selected a combination of recordings, whose vowels matched in their fundamental frequency (F0), as well as first (F1) and second (F2) formant frequencies and whose overall length was as similar as possible. In order to achieve complete similarity in standard-deviant contrasts across stimulus pairs, we decided to use identical final phonemes [p] and [t] in each standard and deviant sound. To achieve this, one needs to use cross-splicing, i.e. replacing the original sounds in the recordings by different ones. To avoid differential effects of early acoustic cues (which would arise if the final stops were drawn from one of the actual stimulus sets and copied to the other two) we selected to take them from similar words not (Fig. 1) . The divergence point was always 130 ms before the offset of the deviant stimulus (corresponding to 85 ms before the offset of standard stimulus, since [p] is shorter than [t] ).
This technique allowed us to avoid any acoustic differences before the onset of the final plosive and to control exactly the point in time when the acoustic contrast occurred. This is essential for MMN experiments, since MMN is highly sensitive to even minor acoustic differences between the standard and deviant stimuli. All stimuli were normalised to have the same peak sound energy. For the analysis and production of the stimuli we used the Cool Edit 96 program (Syntrillium Software Corp., AZ, USA). Thus, the standard-deviant acoustic-phonetic contrast, the critical variable determining the MMN [17] , was identical in all conditions, while the lexical contrasts changed: no lexical status contrast is present in Condition I, in Condition II the deviant words are presented among pseudoword standards, and the reversed is employed in Condition III. The three experimental conditions were performed with every subject, their order being counter-balanced across the subject group.
The stimuli were binaurally presented at comfortable sound level (determined using the experimental stimuli) via headphones connected to a STIM set-up (Neuroscan Labs, VA, USA). The interstimulus (onset-to-onset) interval was 850 ms. In each condition, the deviant stimulus was presented with 16.67% probability among the repetitive standard stimuli: a pseudo-random sequence of 1008 stimuli was created so that there were always ! 2 standard stimuli between any two deviants.
Electroencephalographic recording: Subjects were seated in an electrically and acoustically shielded chamber and instructed to watch a silent videofilm of their own choice and to ignore any auditory signals. During the auditory stimulation, electric activity of the subjects' brain was continuously recorded (passband 0.01-100 Hz, sampling rate 500 Hz) with a 64-channel EEG set-up (Neuroscan Labs), using Ag/AgCl electrodes mounted in an extended 10-20 system electrode cap (Quik-Cap, Neuromedical Supplies, VA, USA). AFz was used as the reference electrode during the recording. To control for eye movement artifacts, horizontal and vertical eye movements were recorded using two bipolar electrooculogram (EOG) electrodes.
EEG data processing:
The recordings were later filtered off-line (passband 1-30 Hz). Event-related potentials were obtained by averaging epochs, which started 100 ms before the divergence point and ended 300 ms thereafter; the À100-0 ms interval was used as a baseline. Epochs with voltage variation exceeding 100 mV at any EEG channel or at either of the two EOG electrodes were discarded. The MMN was obtained by subtracting the response to the standard from that to the deviant stimulus. For each experiment participant, the averaged MMN responses contained at least 100 accepted deviant trials in each condition. All responses were recalculated offline against average reference for further analysis.
Statistical analysis: Recordings from 36 electrodes located over frontal and central areas of both hemispheres (4 electrode lines in posterior-anterior dimension Â 9 electrode lines in the left-right dimension), where MMN responses could be observed, were used for statistical analysis. Response latencies were determined from their peak amplitudes at FCz, since electric MMN is usually reported to be most prominent at the fronto-central sites [6, 9] .
The analyses of the data were carried out using 3-way ANOVA with condition and topography (posterior-anterior and left-right dimensions taken separately in the analyses) as within-subject factors; Huynh-Feldt correction of degrees of freedom was applied. Where necessary for analysing topography-related effects, the data were normalised [18] using the following algorithm:
where A N is the calculated normalised response amplitude, A e is the original amplitude at a given electrode, A A is the mean amplitude over all electrodes, and k is the total number of electrodes used in the analysis.
Ethical considerations: All subjects gave their written informed consent to participate in the experiments and were paid for their participation. The experiments were performed in accordance with the Helsinki Declaration. Ethical permission for the experiments was issued by the Cambridge Psychology Research Ethics Committee (Cambridge University, UK).
RESULTS
All sets of stimuli elicited mismatch negativity responses. The response latency at FCz electrode location did not differ significantly between the conditions (p 4 0.5) and its average value (7 s.e.m.) for all conditions was 138 7 20 ms. We therefore calculated mean area amplitudes for the 20 ms interval around the peak (128-148 ms).
Analysis of mean area amplitudes at FCz indicated clear difference between the conditions (Fig. 2) . Both Conditions I and II yielded higher MMN amplitudes than Condition III (respective mean amplitude À0.60 7 0.19 mV, À0.51 7 0.16 mV and 0.20 7 0.18 mV). This difference in the MMN amplitude between the word deviants (Conditions I and II) and the pseudoword deviant (Condition III) was highly significant (F(1,9) F(1,9) ¼ 2.88, p o 0.07). No differences could be found between Conditions I and II in which the deviant stimuli were always words, but the standards varied.
Analysis of the amplitude scalp distribution of the three responses indicated clear topographical differences between the conditions. As shown in Fig. 3 , both Conditions I and II had a very similar fronto-central distribution of the response, whereas Condition III exhibited lateralised distribution, which is rather unusual for the electric MMN response. This difference was reflected in a significant Condition Â Topography interaction (F(16,144) ¼ 2.72, ¼ 0.407, p o 0.02), when all three conditions were included in the analysis. Conditions I and II, however, were not distinct in their response topography from each other, as could also be predicted from the maps in Fig. 3  (F(8,72) 
We also looked for significant differences between the conditions in later time intervals (4 150 ms) but did not find any. In addition, we would like to note that a positive deflection, which followed the MMN and peaked at around 200 ms (Fig. 2) , had its maximum at frontal channels and therefore cannot be characterised as a P3-like component.
DISCUSSION
In the present study, MMN responses were elicited by words presented among words or pseudowords, or by pseudowords presented among words. In order to avoid acoustically-related effects, phonetic contrasts were identical in all conditions. We found that both MMNs elicited by word deviants were larger than that elicited by pseudoword. Furthermore, topographies of the MMN differed between the two word and non-word deviant stimuli, but not between the conditions when the deviants were words and the standard was either a word or pseudoword.
Our original motivation was to test two possible explanations of the enhanced MMN response, which was found for words vs pseudowords in an earlier study [3] . One of these explanations suggests that this enhancement is a sign of an activation of cortical memory traces for words, whereas the alternative view would be that it is a bare lexical status difference (word vs non-word) between the standard and the deviant stimuli which could explain the previous result. The latter would predict that lexical contrasts would elicit equally large MMN regardless of the direction of the contrast (word deviant vs non-word standard or non-word deviant vs word standard), whereas smaller response would be produced in the absence of lexical contrast. Our results clearly demonstrated the opposite: the presence of lexical contrast did not play a major role in the magnitude of the MMN response. Instead, both of the word deviants produced very similar responses independently of the lexical status of the standards, whereas the pseudoword-elicited MMN was distinct from them both in the amplitude and topographical distribution. Importantly, Condition I, in which the lexical contrast was absent altogether, produced the largest response, whereas Condition III (whose lexical contrast was identical to Condition II in magnitude but not in direction), yielded the smallest of all three MMNs. In addition, the topography of the responses in Conditions I and II did not differ, whereas both of them were distinct from Condition III. Therefore, the current data indicate that only the first alternative, the memory-trace-based explanation, is viable. First, the results confirm that words do elicit larger MMN responses than pseudowords. Second, this word-related MMN enhancement, as demonstrated here, cannot be attributed to the lexical status difference between the standard and the deviant stimuli; it appears to be independent of the lexical status of the standard stimulus. This enhancement is probably caused by the activation of pre-existing long-term memory traces for the word stimuli. These traces, presumably, had been formed during the subjects' previous language experience [1, 4, 9, 13, 14] . No such traces existed for the pseudowords, the MMN responses to them supposedly reflecting only acousticphonetic and phonologic stimulus contrasts (and possibly memory traces developed during the experimental session). In summary, our results provide further support to the word-elicited MMN responses, which can reflect the presence of a long-term memory trace for a spoken word.
Interestingly, these memory traces appear to become active as early as B140 ms after the stimuli could be unmistakably perceived as words. Moreover, our results were obtained in a passive paradigm, when subjects' attention was distracted from the auditory input. This implies that the brain might be capable of automatic lexical classification of the incoming speech signals already at very early stages of speech processing, in the same time range when MMN was found to reflect phonemic differences [4, 19] .
CONCLUSION
We recorded the mismatch negativity, an automatic auditory change-detection brain response and an index of experience-dependent memory traces, elicited either by words presented among words or pseudowords or by pseudowords presented among words. We found that MMN elicited by words is larger than that elicited by pseudowords and that this enhancement is largely independent of the lexical status difference between the standard and deviant stimuli. Words are differentially processed by the human brain as early as B140 ms after the time point when they can be identified as such. Thus, our results indicate the existence of the word-related MMN enhancement. This, in turn, suggests the existence of the long-term memory trace, or cell assembly, representing spoken words in the human brain. Furthermore, these traces can be activated in the absence of active attention to the auditory input and are available already at early stages of cerebral speech processing. The MMN technique may be useful for further revealing characteristics of these memory traces.
